Gene regulation at the transcriptional level is a central process in all organisms where DNA-binding transcription factors play a fundamental role. This class of proteins binds specifically at DNA sequences, activating or repressing gene expression as a function of the cell's metabolic status, operator context and ligand-binding status, among other factors, through the DNA-binding domain (DBD). In addition, TFs may contain partner domains (PaDos), which are involved in ligand binding and protein-protein interactions. In this work, we systematically evaluated the distribution, abundance and domain organization of DNA-binding TFs in 799 non-redundant bacterial and archaeal genomes. We found that the distributions of the DBDs and their corresponding PaDos correlated with the size of the genome. We also identified specific combinations between the DBDs and their corresponding PaDos. Within each class of DBDs there are differences in the actual angle formed at the dimerization interface, responding to the presence/absence of ligands and/or crystallization conditions, setting the orientation of the resulting helices and wings facing the DNA. Our results highlight the importance of PaDos as central elements that enhance the diversity of regulatory functions in all bacterial and archaeal organisms, and our results also demonstrate the role of PaDos in sensing diverse signal compounds. The highly specific interactions between DBDs and PaDos observed in this work, together with our structural analysis highlighting the difficulty in predicting both inter-domain geometry and quaternary structure, suggest that these systems appeared once and evolved with diverse duplication events in all the analysed organisms.
INTRODUCTION
Gene regulation at the transcriptional level is a central process in all organisms, and DNA-binding transcription factors (TFs) play a fundamental role. TFs specifically bind to DNA, activating or repressing gene expression as a function of the cell's metabolic status, operator context and ligand binding, among other factors [1] [2] [3] . In general, the TFs consist of a DNA-binding domain (DBD), which is involved in specific contacts with DNA, and a partner domain (PaDo), which is involved in ligand binding or protein-protein interactions. Today, diverse structures of bacterial and archaeal TFs have been determined, and thousands of amino acid sequences are known for many more, allowing for exhaustive evaluation of these regulatory proteins in different organisms. In this context, the structural diversity and evolutionary distribution of TFs have been explored, identifying winged helix-turn-helix (wHTH) domains as the most abundant DBDs in bacterial and archaeal TFs, followed by homeodomain-like and lambda repressor-like structures [4] [5] [6] . In contrast, structures such as ribbon-helix-helix (Rhh), IHF-like and PhoU-like domains have been identified in lower proportions, and some of these have been associated with specific phyla, such as Rhh, which is found almost exclusively in Proteobacteria [7] .
In general, TFs contain structural domains involved in diverse functions, such as DNA and ligand binding; however, the architectures of PaDos have only been systematically analysed for the wHTH regulatory proteins, whereas integrative analyses to describe PaDos for proteins with other DBDs are lacking [6] . Therefore, in this work we evaluated the protein architectures of DNA-binding TFs, i.e. 14 different DBDs and 298 different PaDos, in 799 non-redundant genomes, in terms of their diversity, abundance and distribution. We considered TFs as those proteins that activate or repress gene expression but do not belong to the transcriptional basal machinery. From this analysis, we found a correlation between the abundance of DBDs, PaDos and genome size, and a highly specific association between DBDs and PaDos.
METHODS

Bacterial and archaeal genomes analysed
The 2786 bacterial and archaeal genomes used in our analysis were downloaded from the NCBI ftp server genome section (http://ncbi.nlm.nih.gov). In this analysis, we only considered open reading frames (ORFs) that encode predicted protein sequences in all organisms. In order to exclude any bias associated with over-representation of organisms that have been completely sequenced and are associated with particular divisions, non-redundant genomes were considered from the study conducted by Martínez-Núñez et al. [8] . Briefly, the selection of the organisms was carried out through the concatenation of 21 conserved proteins across downloaded sequenced genomes. Next, a single data set for phylogenetic analysis was constructed, and we eliminated genomes located more closely together on a phylogenetic tree, as previously reported, leaving a set of 710 bacterial and 89 archaeal genomes (Table S1 , available with the online Supplementary Material).
Identification of DNA-binding TFs and domain assignations
TFs were identified based on diverse sources of information, such as the DBD database assignments [9] and specialized databases for model organisms, such as RegulonDB v6.0 [10] and DBTBS v5.0 [11] . Therefore, hidden Markov model (HMM) profiles of DBDs were constructed from known TFs and from information in the RegulonDB and DBTBS databases to scan all the bacterial and archaeal genome sequences. The repertoire of TFs identified in the model organisms was cross-checked to evaluate how efficiently the profiles identified possible TFs, i.e. the intersection between well-known TFs identified by HMM profiles. The HMM profiles were used to identify potential DBDs by setting the E-value at 10 -4 . Finally, those proteins identified by HMM profiles were scrutinized to assess their domain organization by using the Superfamily database assignments [12] .
Distribution of DBDs in bacterial and archaeal genomes
In order to determine the abundance and distribution of DBDs in the bacterial and archaeal genomes, the rate of occurrence of each structural superfamily of DBDs for the number of organisms per taxon was calculated, and from this information a matrix was constructed. In this regard, organisms were classified in terms of their corresponding phylum, according to the NCBI taxonomic classification system, except for Firmicutes and Proteobacteria, which were considered at the class level because of the large number of organisms included. Finally, the matrix showing the presence of each superfamily per taxon was analysed with a hierarchical clustering approach considering a Manhattan distance and complete linkage algorithm, with correlation uncentered as a similarity measure, as implemented in the Mev4 program [13] .
Enrichment analysis of DBDs and PaDos
To evaluate the associations between the DBDs and their corresponding PaDos, an enrichment analysis using a onetailed Fisher's exact test was conducted. We set statistical significance at a P-value of less than 0.05. Because several categories were tested at the same time, multiple-testing corrections were performed using the Benjamini and Hochberg step-up false-discovery rate (FDR)-controlling procedure to calculate adjusted P-values. All analyses were performed using the R software environment for statistical computing and graphics and package multtest [14] .
Structural analysis
A total of 84 protein structures were downloaded from the Protein Data Bank (www.rcsb.org) and manually inspected with the Visual Molecular Dymanics software [15] . The location of the DBD was determined from the domain assignment of the structural record and from the associated report of the structure, when available (Table S5 ).
RESULTS AND DISCUSSION
Content and diversity of DBDs combined with TFs
Based on HMM profiles constructed from known DBDs of bacterial TFs, a total of 122 336 TFs were identified in 799 non-redundant bacterial and archaeal genomes. Subsequently, we determined the proportion of TFs for each organism, noting an increment in the total number of TFs as a function of genome size, as has been previously described [8] , i.e. small genomes contain a small number of TFs, whereas large genomes contain a large number of TFs (Spearman correlation=0.9190052, P-value <2.2e-16) (Figs 1 and S1). In this context, Candidatus Carsonella ruddii PV is the organism with the smallest repertoire of TFs identified so far [16] , with only six TFs identified in 182 ORFs, representing 3.3 % of its gene repertoire. On the other hand, Amycolatopsis mediterranei U32, with the largest genome analysed in this work, also includes the highest number of TFs (814), which represents 10 % of its genes that encode regulatory proteins [17] .
In order to evaluate how TFs vary within a species, 192 strains of E. coli, with ranges from 3708 (E. coli str. K-12 substr. MDS42) to 5611 (E. coli O26 H11 str. 11368), were chosen. Based on Supfam assignments we found a similar result observed for the total of bacterial and archaeal genomes, suggesting that small genomes contain a small repertoire of TFs versus large genomes with an increase of its repertoire of TFs, and reinforcing the notion of regulatory diversity between and within species.
To gain insights into the protein architecture of the DNAbinding TFs, the complete set of regulatory proteins was analysed in terms of each protein's number of structural domains (see Methods). From this structural dissection, we found that almost 40 % of the TFs are mono-domain proteins, 50 % of the TFs are organized in two domains and the remaining 10 % exhibit three or more structural domains. In addition, the DBDs of these regulatory proteins were classified into 14 different superfamilies based on superfamily assignments [18] (Table 1) . From this classification, 90 % of DBDs were grouped into five large superfamilies: the wHTH, homeodomain, lambda repressor-like, C-terminal effector domain of bipartite response regulators, and nucleic acid-binding protein superfamilies. The 10 % of TFs with three or more structural domains included the Rhh, TrpRlike, flagellar transcriptional activator FlhD and AbrB/ MazE/MraZ-like superfamilies, among others (Table 1 ) [19] . Subsequently, we explored whether all the superfamily DBDs are homogeneously distributed among the 799 bacterial and archaeal genomes. We found that organisms with reduced genomes also contained a low proportion of different superfamily DBDs, with a slight increase in DBDs in organisms with genome sizes between 1000 and 2000 ORFs; the number of DBDs remained almost constant in genomes with more than 2000 ORFs. Thus, an average of 11 different superfamily DBDs are associated with each organism. Hence, each organism exhibits a low diversity of structural DBDs, suggesting that these superfamilies have increased mainly via diverse duplication events followed by evolutionary divergence. All these data reinforce the scenario proposed by Itzkovitz et al. [20] for the evolution of TF superfamilies, where 'simple' organisms, which require few TFs, might preferentially use certain superfamilies such as the lambda repressor-like and wHTH superfamiles. When these superfamilies reach the corresponding upper bound, new superfamilies are needed. At these points, organisms shift their TF usage to novel superfamilies with greater degrees of freedom and higher maximal numbers. An example is the increased use of C2H2 zinc finger TFs in more complex organisms [20] .
Distribution of DBDs is different in prokaryotic genomes
In order to evaluate the distribution of DBDs across all the organisms studied, 24 phyla and classes of Bacteria (Proteobacteria and Firmicutes were divided into five and three classes, respectively) and three phyla of Archaea were analysed ( Fig. 2 ). Subsequently, a cluster analysis, as described in Methods, was performed. Four main groups of DBDs sharing similar taxonomic distributions were identified, considering a distance threshold of 9.79, which corresponds to the first plateau associated with the node-height plot. This analysis is relevant to elucidate those DBDs universally and specifically associated with bacterial and archaeal cell divisions, suggesting common ancestry and/or specific lineage associations. Therefore, in the following, we describe the composition of each group. The first group included the most abundant and widely distributed DBDs, such as the putative DNA-binding domain, C-terminal effector domain of the bipartite response regulators, homeodomain, lambda repressor-like, nucleic acid-binding, wHTH and the IHFlike superfamily proteins (Fig. 2 ). The wHTH, C-terminal effector domain of the bipartite response regulators, and homeodomain-like DBDs are the most abundant superfamilies identified in Bacteria and Archaea, and they also have the greatest number of associated TF families identified so far (Table 1) , with almost all families involved in the regulation of primary metabolism, such as LysR, Crp, ArgR, and AraC/XylS. The lambda repressor-like superfamily consists of six families of regulatory proteins, such as the GalR/ LacI family which is associated with nucleotide metabolism and carbon assimilation [21] [22] [23] , both considered ancient metabolic processes [24, 25] . Finally, the nucleic acid-binding superfamily, which includes the cold-shock DNA-binding domain-like family, has been associated fundamentally with temperature response regulation. An appealing hypothesis is that the DBDs identified in both the bacteria and archaea cellular domains have the same origin, as they emerged before the Archaea-Bacteria split.
The second group included DBDs identified in low proportions in bacterial and archaeal cellular divisions, such as the ribbon-helix-helix and the AbrB/MazE/MraZ-like superfamilies. These DBDs were identified in low proportions in diverse bacterial divisions, such as Nitrospirae, Verrucomicrobia, Acidobacteria, Chloroflexi, Thermi, Gemmatimonadetes, Deferribacteres and Synergistes, whereas these DBDs were absent in Elusimicrobia, Fibrobacteres, Dictyoglomi, Negativicutes, Fusobacteria and Nanoarchaeota. The Rhh domain is a DBD consisting of four helices in an open array of two hairpins. Such domains have been found in several bacterial and phage repressors, including the E. coli K-12 methionine repressor (MetJ), which when combined with S-adenosylmethionine (SAM) represses the expression of the methionine regulon and of enzymes involved in SAM synthesis [26] . This superfamily represents 1.4 % of the total DBDs identified in all the genomes. The AbrB/MazE/MraZ-like superfamily includes transition-state regulators, putative regulators of cell wall biosynthesis and regulators of phosphate uptake [27] . This superfamily is also widely distributed among prokaryotes, although in low proportions, but is not found in Nanoarchaeota, Elusimicrobia and Gemmatimonadetes. The representative proteins associated with this group are not related at the sequence level; however, they share a common fold [28] . MraZ and AbrB have been described as two-domain proteins: one domain, which is in the N terminus, interacts with DNA, whereas the other domain is located at the C terminus and plays a role in oligomerization [27, 29, 30] . In this analysis, we found that 91 % of the total proteins associated with this superfamily corresponded to monodomain proteins.
The third group included DBDs identified in low proportions or absent in diverse taxonomic divisions, such as the glucocorticoid receptor-like and the KorB superfamilies. The glucocorticoid receptor-like superfamily comprises a family of ligand-activated nuclear receptors that includes the LIM domain and prokaryotic DksA/TraR C4-type zinc finger, which has been identified in bacterial and archaeal genomes. DksA is a regulator that acts synergistically with an alarmone, pp(G)pp (guanosine tetraphosphate, which forms a complex with RNA polymerase and regulates amino acid metabolism-related genes) [31, 32] . KorB negatively regulates genes of the RK2 kor regulon [33] . The glucocorticoid receptor-like superfamily was mainly identified in Proteobacteria, and it was absent in Cyanobacteria, Synergistetes and Thermi, whereas KorB was constrained to the Firmicutes, Synergistetes and Thermi bacterial divisions.
Finally, the fourth group included three small-length superfamilies, mainly identified in Enterobacteria and Burkholderia, such as the FlhD superfamily, involved in the regulation of flagellum protein-encoding genes [34] , HHA, a modulator of the toxin alpha-hemolysin, involved in the response to osmolarity and temperature changes [35] , and TrpR-like, which is mainly involved in the regulation of tryptophan biosynthetic genes.
In summary, based on the distribution of the DBDs, four clusters were identified, suggesting that, in general, the pattern of DBDs is influenced by the lifestyle of the organism. Therefore, the absence of some superfamilies, such as the winged helix-turn-helix, homeodomain or lambda repressor-like superfamilies, could be associated with events of gene loss as a consequence of the respective lifestyle, as found in Elusimicrobia, Fibrobacter and Nanoarchaeota, which are symbionts of insects, symbionts of ruminants, and isolated in submarine hot vents, respectively [36] [37] [38] , whereas organisms with a large number of ORFs contain a large diversity of DBDs in order to respond to diverse environmental stimuli [8] . (48) Bacilli (68) Negativicutes (2) Tenericutes (24) Fibrobacteres (1) Gemmatimonadetes (1) Chlorobi (13) Bacteroidetes (30) Thermi (8) Spirochaetes (16) Fusobacteria (5) Alphaproteobacteria (95) Deltaproteobacteria (31) Epsilonproteobacteria (20) Gammaproteobacteria (120) Betaproteobacteria (52) Deferribacteres (3) 32.79 16.395 0.0 Crenarchaeota (27) Euryarchaeota (61) Nanoarchaeota (1) Aquificae (7) Thermotogae (8) Dictyoglomi (2) Chloroflexi (9) Actinobacteria (89) Planctomycetes (3) Chlamydiae (8) Verrucomicrobia (4) Nitrospirae (1) Acidobacteria (5) Elusimicrobia (1) Synergistetes ( On: Tue, 08 Jan 2019 10:09:01
Abundance of PaDos associated with TFs
In order to gain insight into the abundance and distribution of the PaDos associated with TFs, the PaDos were analysed in the complete set of regulatory proteins. In total, 85331 PaDos were found to be associated with the repertoire of regulatory proteins and were classified into 298 different superfamilies. In this context, the most abundant PaDos were associated with a large proportion of DBDs, such as the wHTH DBD, which contains 153 different PaDos (44 % of the total), and the lambda repressor-like DBD, which contains 107 different PaDos (26 % of the total) ( Table 1) . A correlation between DBDs and PaDos was observed (Spearman correlation=0.97675, P-value <2.2e-16). For instance, we found that the most abundant PaDos are preferentially associated with one DBD, such as the periplasmic-binding protein-like II (PBP II), which is intimately associated with the wHTH; CheY-like, which is mainly associated with the C-terminal effector domain of the bipartite response regulators; and the Tetracycline repressor-like C-terminal domain, which is associated with the homeodomain-like superfamily.
In a subsequent step and in order to evaluate the abundance and distribution of PaDos described previously, we quantified the PaDos in all the bacterial and archaeal genomes. From this analysis, we found that the number of PaDos increased with genome size, similar to our findings with DBDs (Spearman correlation=0.8971116, P-value <2.2e-16) (Figs 3 and S2 ). In addition, we found an average of 30 different PaDos per division, where Nanoarchaeota (Archaea) and Tenericutes were the archaeal and bacterial divisions with a minor proportion of PaDos, probably because these divisions include organisms with reduced genomes. In this context, small genomes, as in the archaeon Nanoarchaeum equitans Kin4-M [39] , include 11 different PaDos associated with two different DBDs. On the contrary, the organism with the largest genome analysed in this work, Amycolatopsis mediterranei U32 (9,421 ORFs), contains 814 TFs belonging to 11 different superfamilies and 613 PaDos associated with 49 different superfamilies. Therefore, the domain organization associated with the TFs, the relative abundance of DBDs and their PaDos would contribute to increasing the regulatory responses in Bacteria and Archaea.
Distribution of PaDos associated with DBDs
In order to evaluate how the PaDos are distributed in all the organisms, an analysis based on their taxonomical classification was performed. This analysis is relevant under the hypothesis that a similar taxonomical distribution of PaDos and DBDs suggests a common ancestry and/or specific lineage associations. To do this, a hierarchical clustering approach considering a distance threshold of 18.04, which corresponds to the first plateau associated with the node-height plot, revealed three main groups. The first group (Fig. 4a and superfamilies. It is important to emphasize that the P-loop is involved in the hydrolysis of ATP or GTP and is an ancient domain identified in all life forms [40] . In addition, the GAF domain, which exhibits two main functions (cGMP binding and dimerization), is associated with proteins belonging to the wHTH and to the C-terminal effector domain of the bipartite response regulators (bipartite), which is mainly identified in Crenarchaeota and Euryarchaeota. The GAF domain was also found in FhlA (formate hydrogen lyase transcriptional activator), in the C-terminal domain of the heat-inducible transcription repressor HrcA and in the phytochrome chromophore attachment domain [41] . The cAMP binding domain-like (cAMP bin) is associated with proteins devoted to regulation of the catabolite repression mechanism. In this regard, the cAMP bin is involved in dimerization of Crp protein and interaction with the allosteric effector cAMP [42, 43] . PBP-II is a domain primarily related to the LysR family, which belongs to the wHTH superfamily. Thus, PBP-II and cAMP bin are associated with families that regulate diverse functions, such as basal metabolism and responses to stress. Therefore, these PaDos are intimately associated with their corresponding DBDs, suggesting a probable common ancestor that was the origin of the other group members through duplication events. (2) Tenericutes (24) Fibrobacteres (1) Gemmatimonadetes (1) Chlorobi (13) Bacteroidetes (30) Thermi (8) Spirochaetes (16) Fusobacteria (5) Alphaproteobacteria (95) Deltaproteobacteria (31) Epsilonproteobacteria (20) Gammaproteobacteria (120) Betaproteobacteria (52) Deferribacteres (3) Crenarchaeota (27) Euryarchaeota (61) Nanoarchaeota (1) Aquificae (7) Thermotogae (8) Dictyoglomi (2) Chloroflexi (9) Actinobacteria (89) Planctomycetes (3) Chlamydiae (8) Verrucomicrobia (4) Nitrospirae (1) Acidobacteria (5) Elusimicrobia (1) Synergistetes (2 (2) Tenericutes (24) Fibrobacteres (1) Gemmatimonadetes (1) Chlorobi (13) Bacteroidetes (30) Thermi (8) Spirochaetes (16) Fusobacteria (5) Alphaproteobacteria (95) Deltaproteobacteria (31) Epsilonproteobacteria (20) Gammaproteobacteria (120) Betaproteobacteria (52) Deferribacteres ( Crenarchaeota (27) Euryarchaeota (61) Nanoarchaeota (1) Aquificae (7) Thermotogae (8) Dictyoglomi (2) Chloroflexi (9) Actinobacteria (89) Planctomycetes (3) Chlamydiae (8) Verrucomicrobia (4) Nitrospirae (1) Acidobacteria (5) Elusimicrobia (1) Synergistetes ( The second group (Fig. 4b and Table S2 ) comprises 19 different PaDos, including the C-terminal domain of arginine repressor (arginine), dimeric alpha+beta barrel (dimeric), PLP-dependent transferases (PLP-depend), ribonuclease Hlike (Ribonucle) and Tex N-terminal region-like (Tex), among others. In this group, we identified diverse domains not present in all taxonomical divisions; indeed, some of them are associated with specific regulators, such as the C-terminal family ArgR, which functions as a transcriptional repressor of arginine metabolism. We speculate that the distribution of these PaDos suggests probable gene loss events and/or lateral gene transfer, but further evidence is required.
Finally, the third group ( Fig. 4c and Table S2 ) includes 261 PaDos, such as the methylated DNA-protein cysteine methyltransferase domain (Methylat), which is involved in the cellular defence against the biological effects of O 6methylguanine (O6-MeG) in DNA [44] . The phoshotransferase/anion transport protein (Phoshotr) domain, a structural domain found in the cytoplasmic domain in certain anion transporter proteins [45] , and the sugar isomerase (SIS) domain, described as a phosphosugar-binding domain [46] , have been identified in proteins that regulate the expression of genes involved in synthesis of phosphosugars, possibly by binding to the end product of the pathway, among other mechanisms. These domains show an erratic pattern, where most are specifically associated with particular DBDs and constrained to certain bacterial and archaeal taxonomic divisions.
In summary, the distribution of PaDos in the different taxonomic groups reveals three main features: those that are mainly related to different superfamilies and present in all the taxonomical groups, such as the P-loop; those PaDos that combine with a single type of superfamily and specifically with a type of DBD, such as C-terminal domain of transcriptional repressors (C-Ttr); and finally, those with a heterogeneous distribution, such as Acyl-CoA dehydrogenase C-terminal domain-like [Acyl-CoA(dCt)].
Integrative analysis of the DBDs and their PaDos
In order to determine whether there are specific associations between the DBDs and their corresponding PaDos, an enrichment analysis was performed. From this analysis, we found 1267 different combinations, for which 614, or 48 %, showed statistically significant associations (Table S3 ). From these, the wHTH had the highest number of associated PaDos (314), whereas IHF contained only one PaDo, i.e. the lowest number of PaDos ( Fig. 5 and Table S6 ). From this information, we defined the associations of these structural domains according to two main groups: (i) TFs where the DBDs specifically combine with particular PaDos, such as the periplasmic binding protein-like II combined with the wHTH DBD and the periplasmic binding protein-like I combined with the lambda repressor-like DBD; and (ii) promiscuous associations, where PaDos can combine with diverse DBDs, such as GAF, which is associated with the wHTH, homeodomain and AbrB DBDs, or the P-loop, identified in regulators with the wHTH, homeodomain, lambda repressor-like and bipartite domains. In addition, we found a large proportion of specific PaDos and DBD associations, suggesting that those regulators increase the ability to sense signals, diversifying their number of specific domains and reducing the probable signal cross-talk in the cell. Another interesting observation is that some diverse TFs contain two different DBDs, such as those proteins containing the KorB and lambda repressor-like domains, AbrB and lambda repressor-like, or wHTH and bipartite DBDs. Indeed, we identified nine proteins with lambda repressor-like and AbrB DBDs. These proteins are members of the Xre family and regulate oxidative metabolic function-related genes, such as BzdR, which is associated with the regulation of anaerobic catabolism of benzoate [47, 48] . Therefore, we suggest that combinations between PaDos and DBDs significantly increase the sensing of diverse signal compounds, decreasing signalling cross-talk and making more efficient the response to environmental stimuli in bacterial and archaeal organisms.
In addition, the association of PaDos and DBDs in terms of the genome sizes was evaluated ( Fig. 6 and Table S7 ). To do this, bacterial and archaeal genomes were clustered in intervals of 1000 ORFs and their corresponding PaDo-DBD associations were represented and analysed as networks [49, 50] . From this analysis, we found that organisms with small genome sizes not only contained a small number of DBDs but also a low diversity of PaDos associated with them, correlating with the fact that organisms with small genome sizes are usually associated with stable and intracellular environments and may have only 39 PaDos (Fig. 6a ). In this interval, the number of nodes and edges is the lowest observed so far (46 and 43), with an average path length of 2.87 (Table S4 ). In contrast, organisms with genome sizes between 3000 and 4000 ORFs might contain 14 different DBDs associated with the largest diversity of PaDos, 191 ( Fig. 6d ). Based on this information, we suggest that the associations between DBDs and PaDos identified in organisms included in this span of genome sizes represent a turning point, with the largest number of nodes (212) and edges (303), the lowest value of centralization and an average path length of 3.275. The largest genomes exhibit an increase in the average path length and the number of nodes and edges diminishes, suggesting that the associations between these classes of structural domains remain almost constant, not only in number but also in diversity.
Finally, we sought to determine whether structural analysis could support the specific associations between DBDs and PaDos. To do this, 88 proteins with structural data were evaluated, 36 with the DBD in the N terminus, nine with the DBD in the C terminus, seven with the DBD in the C terminus but associated with a two-component system (response regulators), 25 single domains (with the DBD located in the middle, flanked by small helices), and 11 single domains (with the DBD at one end) ( Table S5 ). Many of the structures of the TFs in this work correspond to dimers, although hexamers and octamers are also present. There were instances of domain swapping and also of 'side-by-side' dimers, and one case of a tandem dimer (PDB ID 1P4X:SarS, with two HTH motifs in tandem). Within each class, there were differences in the angle formed at the dimerization interface, responding to the presence/absence of ligands and/or crystallization conditions, resulting in different orientations of the readout helices and wings facing the DNA. This variability highlights the difficulty in predicting both the interdomain geometry and quaternary structure.
The extent and nature of the interfaces between PaDos and DBDs are different in each class of TFs, and also within each class. This is due to the hinges that connect the DBDs and PaDos and the promotion of conformational changes upon ligand binding at the PaDos, altering the accessibility of the DNA readout motif in the DBD (see, for example, CprK crystallized under different redox conditions, with and without ligand, in Fig. 7a ) [44] . In the absence of ligand, CprK displays modest interactions between the DBD in the C terminus and the PaDo in the N terminus, where the linker between both domains is disordered in the apo-structure. Another example corresponds to Crp of Bacteroides thetaiotaomicron (PDB ID 1ZYB), which shows extensive interactions between the 'wings' of the DBDs at the N and C termini.
In proteins with the DBD located at the N terminus, the DBD engages in DNA interactions through helices and the wing, at different angles, contacting DNA in the major and minor grooves. In some cases, the DBD from one chain contacts the PaDo of the other chain, as shown in Fig. 7(b) . In FadR (PDB ID 1HW2), the interface between the PaDo is through a-helices, and in YydK (PDB ID 3BWG) it is through an interdomain b-sheet; the DBDs and PaDos are at right angles to each other. In AsnC (PDB ID 2CG4), one of each of the PaDos and DBDs lies in one plane, and they swap domains. In MntR (PDB ID 1ON1), the monomers lie side by side, and the DBD and PaDo form a plane. In ModE (PDB ID 1B9M), the interface is formed by an anti-parallel two-stranded sheet and long a-helices. Despite being a homodimer, the interaction between the PaDo is at right angles, not parallel, and the dimer domain is swapped.
In Fig. 7(c) , we show single-domain DBDs with dimerization domains at the N terminus (PDB ID 1R7J), C terminus (PDB ID 1Y0U) or both (PDB ID 1SMT, with an interface of four helices at cross-angles, or PDB ID 1SFX, with an interface of four parallel helices). In Fig. 7 , the dimers are displayed with the DBDs facing away from the viewer to show the dimerization interfaces, which can be a simple coiled coil of helices or more complex domains. Finally, Fig. 8 shows the potential variability corresponding to response regulators, with the DBD at the C terminus and the response domain at the N terminus. In this family, conformational changes can be promoted by either phosphorylation (e.g. PDB ID 1YIO:StyR) or ligand binding (e.g. PDB ID 1L3L:TraR).
Conclusions
In this work, we evaluated the DNA-binding TFs and their structural domains. We identified diverse and interesting results associated with them, such as an association between genome size and abundances of DBDs and PaDos, the low number of different DBDs associated with all bacterial and archaeal genomes, the bias toward specific associations between DBDs and PaDos, and the low proportion of shared domains among all the TFs. These findings are consistent with the suggestion that the regulatory mechanism associated with interactions between subunits is so elaborate that it is hardly possible that such a system formed through evolution [51] . Finally, our data reinforce the notion that increased gene complexity also requires the development of mechanisms for gene regulation at the transcription level [8, 52] , in particular the combination of DBDs and PaDos, suggesting that the interplay of these structural domains could increase an organism's ability to recognize and respond to diverse environmental stimuli. 
